Drosophila metalloproteinase Tolloid (TLD) is responsible for cleaving the antagonist Short gastrulation (SOG), thereby regulating signaling by the bone morphogenetic protein (BMP) Decapentaplegic (DPP). In mice there are four TLD-related proteinases, two of which, BMP1 and mammalian Tolloid-like 1 (mTLL1), are responsible for cleaving the SOG orthologue Chordin, thereby regulating signaling by DPP orthologues BMP2 and 4. However, although TLD mutations markedly dorsalize Drosophila embryos, mice doubly homozygous null for BMP1 and mTLL1 genes are not dorsalized in early development. Only a single TLD-related proteinase has previously been reported for zebrafish, and mutation of the zebrafish TLD gene (mini fin) results only in mild dorsalization, manifested by loss of the most ventral cell types of the tail. Here we identify and map the zebrafish BMP1 gene bmp1. Knockdown of BMP1 expression results in a mild tail phenotype. However, simultaneous knockdown of mini fin and bmp1 results in severe dorsalization resembling the Swirl (swr) and Snailhouse (snh) phenotypes; caused by defects in major zebrafish ventralizing genes bmp2b and bmp7, respectively. We conclude that bmp1 and mfn gene products functionally overlap and are together responsible for a key portion of the Chordin processing activity necessary to formation of the zebrafish dorsoventral axis.
Introduction
BMP1, first identified as a protein that copurifies with transforming growth factor beta (TGF-b)-like BMPs from osteogenic extracts of bone (Wozney et al., 1988) , has become the prototype of a growing family of developmentally important metalloproteinases. Despite its association with TGF-b-like BMPs, the first described role for BMP1 was as the proteinase activity that cleaves C-propeptides from procollagen precursors to produce the major collagen fibrils of vertebrate extracellular matrix (ECM) (Kessler et al., 1996) . Mammals have four BMP1-like proteinases including mTLL1, mTLL2, and mTLD (mammalian TLD), the latter of which is encoded by alternatively spliced mRNAs from the same gene that encodes BMP1 (Takahara et al., 1994) . These four proteinases are now known to process a large number of different precursors into mature functional proteins involved in formation of the ECM (Greenspan, 2005) . The first non-mammalian BMP1-like proteinase to be characterized was Drosophila gene product TLD, which acts in embryonic dorsal-ventral patterning by cleaving the secreted protein SOG, to release DPP from a latent DPP-SOG complex (Marqués et al., 1997) . Similarly, BMP1-related vertebrate proteinases Xenopus Xolloid (Piccolo et al., 1997) and zebrafish TLD (Blader et al., 1997) can cleave the SOG orthologue Chordin in vitro and counteract its dorsalizing effects upon co-overexpression of proteinase and Chordin in Xenopus (Piccolo et al., 1997) or zebrafish (Blader et al., 1997) embryos. In mammals, BMP1 and mTLL1, but neither mTLD nor mTLL2, cleave Chordin in vitro and counteract the dorsalizing effects of Chordin upon co-overexpression in Xenopus embryos (Scott et al., 1999) . Moreover, experiments with mice doubly homozygous null for the Bmp1 gene, which encodes BMP1 and mTLD, and the Tll1 gene, which encodes mTLL1, have shown that products of these two genes are indeed responsible for cleaving Chordin in vivo (Pappano et al., 2003) . Interestingly, although null alleles of TLD result in profound dorsalization of Drosophila embryos, mice doubly homozygous null for Bmp1 and Tll1 are not observably dorsalized, dying instead of cardiac abnormalities at 13.5 days post conception (Pappano et al., 2003) . Previously, only a single zebrafish TLD-related proteinase has been reported for zebrafish (Blader et al., 1997) , and mutation of the cognate gene (Mini fin; mfn) results in only mild dorsalization, manifested by loss of the most ventral cell types of the tail (Connors et al., 1999) . We previously noted (Scott et al., 1999 ) the mfn Tolloid-like proteinase to bear greatest sequence homology to mTLL1 among different members of this proteinase family, and mfn is now also known as tll1 (Zebrafish Information Network). Here we identify the zebrafish BMP1 gene bmp1 and demonstrate that morpholino knockdown of bmp1 expression results in a mild tail phenotype. In contrast, simultaneous knockdown of mfn/ tll1 and bmp1 results in severe dorsalization resembling the swr/bmp2b and snh/bmp7 phenotypes. We conclude that bmp1 and mfn/tll1 gene products functionally overlap, and are together responsible for a substantial portion of the Chordin processing activity necessary for dorsal-ventral patterning of zebrafish embryos. Thus, zebrafish appears to differ from mouse, in which loss of BMP1 and mTLL1 function is not sufficient to markedly interfere with formation of the dorsal-ventral axis.
Results

Alignment and comparison of zebrafish bmp1 and human mTLD sequences
BMP1 genes of human and mouse (Takahara et al., 1994) and Xenopus (Lin et al., 1997) all encode both BMP1, and a second, longer alternatively spliced product that differs from BMP1 in having one additional COOHterminal EGF-like domain and two additional COOH-terminal CUB domains. The complete zebrafish bmp1 sequence, displayed in Fig. 1 , corresponds to the longer alternatively spliced protein product of these other genes and is aligned with the corresponding human BMP1 gene product mTLD. As can be seen, the two have high sequence homology, with 93% similarity and 82% identity between corresponding residues. This is very similar to the 91% similarity and 86% identity previously reported between mfn/tll1 and human mTLL1 amino acid sequences (Scott et al., 1999) . Additional comparisons between the various domains of bmp1 sequences and those of other BMP1-like proteinases are shown in Table 1 .
The bmp1 gene was mapped 70.8-98.3 cM (5635-5780 cR) from the top of linkage group 8.
Comparison of bmp1 and mfn/tll1 temporal patterns of expression
It has been proposed that mfn/tll1 modifies the BMP activity gradient during gastrulation (Connors et al., 1999) . In agreement with this proposal, RNA for both mfn/tll1 and bmp1 can be detected prior to and throughout gastrulation, 5.3-10 hours post fertilization (hpf) (Fig. 2A) . We find that mfn/tll1 first begins to be readily detectable by RT-PCR at the dome stage (4.3 hpf), significantly earlier than previously reported (Blader et al., 1997) . In addition, our analysis indicates that bmp1 RNA, but not mfn/tll1 RNA, is already detectable at the 64 cell stage (2 hpf). As zygotic gene expression is expected to be initiated at a later stage (midblastula transition, 1000 cell stage, 3 hpf) (Kane and Kimmel, 1993) , the presence of these early bmp1 transcripts is likely due to gene expression during oogenesis. Our results thus indicate that bmp1 and mfn/tll1 products are both present during the developmental stages in which dorsal-ventral patterning is established, although differences exist in their temporal patterns of expression.
Spatial expression patterns of bmp1 in early development
When in situ hybridization analyses were performed to determine the spatial patterns of bmp1 expression, expression was found to be ubiquitous in 64 cell stage, dome stage, shield stage and gastrulating embryos; as compared to control embryos labeled with sense probe (not shown). Bmp1 expression began to be localized around the end of epiboly, and at 90% epiboly, signal for bmp1 was found in the ventral quadrant of the animal pole and at the ventral margin (Fig. 2B ). This is in contrast to tll1, which has previously been described at the dorsal and ventral margins during late epiboly (Connors et al., 1999) . Similar to tll1 (Connors et al., 1999) , at bud stage strong bmp1 signal was seen in the tail bud (Fig. 2C) . Thus, expression of bmp1 at the ventral margin at late epiboly and in the tail bud at bud stage is consistent with a role for bmp1 in establishing ventral cell fates. At the 15 somite stage, strong signal was seen in the retina (not shown), the dorsal diencephelon and the future tectum of the brain, and in caudal somites and the tail bud (Fig. 2D ). This is in contrast to tll1, which around this time (20 somites) was observed in tail bud, presumptive vasculature and neural plate, but was not detected in developing forebrain (Connors et al., 1999) . In the 24 hpf embryo (Fig. 2E) , bmp1 signal was found at high levels in the epiphysis, Zona Limitans Interthalamica (ZLI), and future tectum of the brain, and in caudal somites and the tail bud.
Effects of morpholino (MO) knockdowns of bmp1 and mfn/tll1 on development
To determine possible differences and similarities in function, we separately depleted zebrafish embryos of bmp1 or mfn/tll1 function using either a novel anti-sense bmp1 MO (bmp1 MO1, Experimental procedures) or a commercially available anti-sense mfn/tll1 MO. At 12 hpf ( Fig. 3A-D) , there appeared to be slight dorsalization of embryos in which either bmp1 (Fig. 3B ) or mfn/tll1 ( Fig. 3C ) function had been singly depleted, as embryos were somewhat elongated compared to normal ( Fig. 3A) : a characteristic of dorsalized gastrulating embryos (Mullins et al., 1996; Solnica-Krezel et al., 1995) . At 24 hpf ( Fig. 3E-H) , however, bmp1-depleted embryos (Fig. 3F ) were similar Fig. 1 . Alignment of zebrafish and human BMP1 sequences. Sequences were aligned with CLUSTAL W. Human sequences are shown only where they differ from zebrafish. Purple and green residues represent conservative and non-conservative substitutions, respectively. Portions of the sequences corresponding to signal peptide (SP), proregion, protease and the various CUB and EGF domains are indicated above the sequence. A schematic presents the percentages identity and similarity for the various domains. Pg, proregion; Pt, protease domain; C, CUB; E, EGF. Table 1 Percentage identities between BMP1 family members from various species compared to zebrafish BMP1 P  M  C1  C2  E1  C3  E2  C4  C5  Overall   hTLD  49  86  82  78  83  91  88  69  82  77  hTLL1  41  84  77  84  75  79  88  61  70  71  hTLL2  36  82  75  77  84  79  81  60  77  71  Cld  49  84  75  79  82  79  88  59  71  71  Xld  38  82  77  75  84  79  84  53  79  70  Xld like  43  86  77  82  84  79  86  60  68  73  zTLL1  51  82  77  80  83  81  86  61  73  72  dTLD  -47  45  55  53  47  66  38  32  44 h, human; Cld, chick; Xld, Xenopus; z, zebrafish; d, Drosophila; P, Proregion; M, Metalloprotease domain; C, CUB domain; E, EGF domain. in appearance to uninjected embryos (Fig. 3E) , whereas mfn/tll1-depleted embryos had partial absence of the ventral tail fin (Fig. 3G ). At 55 hpf ( Fig. 3I-K) , depletion of bmp1 function results in overall reduction of the caudal fin with notching ( Fig. 3J ), whereas depletion of mfn/tll1 function results in a different tail morphology: partial loss of the ventral tail fin extending to the dorsal side (Fig. 3K) or, in some cases, partial loss of the ventral fin with bifurcation of the tail (data not shown). These latter morphologies are identical with those previously reported for mfn homozygous fish (Connors et al., 1999) . As the products of both bmp1 and mfn/tll1 are BMP1-related metalloproteinases, homologues of which have been shown to cleave Chordin in mice (Scott et al., 1999; Fig. 3 . Simultaneous knockdown of both bmp1 and mfn/tll1 expression severely dorsalizes the zebrafish embryo. Morpholinos, both targeted against 5 0 -UTR sequences and transcription start site, were injected at a concentration of 0.5 mM into 1-2 cell stage embryos, to a final concentration of 0.5 lM in the embryo. Embryos are shown at 12 hpf (dorsal views) (A-D) or 24 hpf (E-H) either uninjected (A and E), or injected with bmp1 (B and F) or tll1 (C and G) morpholinos, or with morpholinos to both genes (D and H). Tails are shown at 55 hpf (I-K). Arrows indicate the ruffled/notched pattern (J) and loss of ventral fin (G and K) in bmp1 and mfn/tll1 morpholino-injected embryos, respectively. Pappano et al., 2003) , we tested for the possibility of functional redundancy by injecting the same embryos with MOs to both, for simultaneous knockdown of the two genes. As can be seen (Fig. 3D) , double knockdown of the two genes resulted in profound dorsalization of embryos, with marked elongation at 12 hpf. At 24 hpf, double knockdown embryos most frequently exhibited a strong class 5 dorsalization phenotype (Mullins et al., 1996) typically observed in swr/bmp2b mutant embryos, where ventral expansion of the dorsally-derived somites results in lysis of the embryos during gastrulation (Fig. 3H) . In addition, 24 hpf double knockdown morphants often phenocopied the class 4 dorsalization phenotype characteristic of snh/bmp7 mutant embryos (Mullins et al., 1996) , namely a reduction of ventrally-derived tissues (e.g. blood and tail), as well as expansion of dorsally derived tissues (e.g. the anterior somites and the notochord: the latter elongation leading to a characteristic twisting of the axis around itself; not shown). Numbers of embryos dorsalized and extents of dorsalization are given in Table 2 .
Consistent with the interpretation of the double morphant phenotypes as dorsalized, simultaneous knockdown of mfn/tll1 and bmp1 was found to have profound effects on shaping the expression domains of the dorsal and ventral markers chordin and gata2, respectively (Fig. 4) . Specifically, whereas bmp1 and mfn/tll1 single knockdown morphants showed relatively mild to moderate expansion of the chordin expression domain at 6 hpf, and widening of the notochord at 9 hpf, double knockdown of the two genes resulted in massive lateral expansion of chordin expression at 6 hpf and extreme widening of the notochord at 9 hpf ( Fig. 4D and H) . It should be noted that enlargement of the notochord observed here is likely due to reduced amounts of dorsal convergence and extension, secondary to dorsalization, rather than to increased numbers of notochord precursors (Mullins et al., 1996) . In contrast to expansion of the chordin expression domain, the expression domain of ventral marker gata2, somewhat diminished in bmp1 and mfn/tll1 single knockdown morphants, was severely diminished when the two genes were simultaneously knocked down (Fig. 4I-L) . Although morphants had apparent developmental delays, compared to wild type controls (a typical non-specific effect of MOs in zebrafish), similar expansion of chordin expression, enlargement of the putative notochord domain, and diminishment of gata2 expression were observed after injected embryos were allowed to develop further, to stages identical to those of the control embryos of Fig. 4 (data  not shown) .
To further verify a specific role for bmp1 in zebrafish dorsoventral patterning, two additional anti-bmp1 MOs were employed. One of these (MO2) was also directed against 5 0 -UTR and translation start site sequences, whereas the other (SP-MO) was directed against the bmp1 exon 3 donor splice site. Injection with either of these MOs gave results similar to those obtained by injection of the first bmp1 MO, MO1: slight dorsalization, with elongation of the embryo at 12 hpf and a ruffled/notched pattern of the tail at 55 hpf (not shown). Although, 2/68 (3%) of embryos injected with MO2 were strong class 4 (snh-like) dorsalized morphants (Table 2 ). Simultaneous knockdown of bmp1 and tll1, using MO2 and the mfn/tll1 MO, produced severe dorsalization in 81% of co-injected embryos (Table 2) , whereas co-injection of embryos with bmp1 SP-MO and the mfn/tll1 MO produced weaker class 3 (pgylike) in 81% of morphants (Table 2) . Thus, dorsalizing effects with the three different bmp1 MOs argue that such effects are bmp1-specific, rather than the result of the artifactual effects of any given MO.
Injection of embryos with bmp1 RNA yielded ventralization (Fig. 5B ). This result is consistent with the conclusion that bmp1 plays a specific role in dorsoventral patterning, and argues against the possibility that morpholino-induced dorsalization was non-specific. Also arguing against the possibility of non-specific morpholino effects was the finding that embryos in which both bmp1 and Table 2 Phenotypes of embryos after injection of morpholinos or mRNA mfn/tll1 functions had been depleted by double knockdown with MOs could be rescued from dorsalization by injection with human BMP1 RNA, which lacks the MO target sequence ( Fig. 5C and D) .
RT-PCR analysis of RNA from embryos injected with bmp1 SP-MO further demonstrated the specific effects that this MO has on bmp1 expression, as zygote-derived bmp1 RNA of injected embryos was reduced in size by the 144 bases of the excised exon 3 (Fig. 5I ). This analysis also demonstrated that all bmp1 RNA at the 64 cell stage is indeed of maternal origin, that bmp1 RNA at shield stage is a mix of maternal-and zygote-derived molecules, and that by bud stage all bmp1 RNA is zygote-derived. The fact that SP-MO would target only zygote-derived mRNA, whereas bmp1 MO1 and MO2 would target both maternal-and zygote-derived mRNA, probably explains why dorsalization of embryos with SP-MO is usually milder than dorsalization with either of the other two bmp1 MOs.
Chordin function is epistatic to bmp1 and Chordin is cleaved by zebrafish BMP1 proteinase
If products of bmp1 and mfn/tll1 act via cleavage of the protein Chordin, then chordin function should be epistatic to both genes. This is the case, as double knockdown of both bmp1 and mfn/tll1 is unable to alter the ventralized phenotype of embryos in which chordin function has been depleted using an antisense chordin MO (Fig. 6A ). This and other results presented herein suggested that zebrafish BMP1 proteinase may act by processing Chordin. To formally demonstrate that this is the case, zebrafish BMP1 proteinase was incubated with Chordin in vitro, resulting in cleavage that yielded a product with the same SDS-PAGE mobility as a product produced by cleavage of Chordin using human BMP1 (Fig. 6B) . These results demonstrate that zebrafish BMP1 cleaves Chordin, and suggest that those cleavages occur at the same sites previously demonstrated for the human proteinase (Scott et al., 1999) . 
Discussion
We conclude that bmp1 and mfn/tll1 gene products functionally overlap in formation of the dorsoventral axis of the zebrafish embryo. Knockdown of both bmp1 and mfn/tll1 results in severe dorsalization of zebrafish embryos. This is drastically different than is the case in mouse, in which the dorsoventral axis of mice doubly homozygous null for Bmp1 and Tll1 is not noticeably deranged (Pappano et al., 2003) . Thus, mice and zebrafish differ markedly in this particular of the otherwise generally conserved pathway that controls dorsal-ventral patterning in species ranging from Drosophila to humans. Mammals have an additional BMP1-like proteinase, mTLL2, which does not readily cleave Chordin in vitro (Scott et al., 1999) , but which might conceivably do so in vivo. It is not yet known whether zebrafish has an mTLL2 equivalent, and this additional redundancy in mammals might explain the relative paucity in disturbance of the dorsoventral axis in Bmp1/Tll1 doubly null mice. Alternatively, or in addition, other non-BMP1-related proteinases may be involved in cleaving Chordin in mammals, but not in zebrafish.
Bmp1 expression was also notable in the dorsal diencephelon, future tectum, epiphysis, ZLI, and future tectum of the brain. Such expression patterns are consistent with the roles that Chordin and BMP1-like proteinases have been implied to have in development and functioning of the brain in various species (Bachiller et al., 2000; Scott et al., 2000; Zhang et al., 1997) . These findings also suggest the zebrafish as a model system for further studies into the roles of BMP1-like proteinases in brain development and function.
Interestingly, analysis here of the temporal patterns of expression for bmp1 and mfn/tll1 shows that mfn/tll1 RNA begins to be readily detectable at the dome stage (4.3 hpf), soon after the midblastula transition at the 1000-cell stage (3 hpf). This is significantly earlier than previously reported (Blader et al., 1997) . Bmp1 RNA, on the other hand, is maternally provided, as it is already detectable at premidblastula stages ( Figs. 2A and 5I ). Our data indicate that together bmp1 and mnf/tll1 are involved in the primary dorsoventral patterning of the gastrulating zebrafish embryo. We cannot however exclude the possibility that other BMP1-like proteinases, encoded by additional genes, may further contribute to this process. In regard to the latter point, while this paper was in review Muraoka et al. (2006) reported zebrafish to have two bmp1 genes, bmp1a and bmp1b. Sequences reported in the present report correspond to bmp1a. Although, using three separate MOs, we have found only 2/252 morphants singly depleted of bmp1a function to be severely dorsalized, Muraoka et al. report severe dorsalization of 95% of embryos singly depleted of bmp1a function using a single MO. The reason for this discrepancy in findings of the two studies remains to be determined.
Experimental procedures
Identification of bmp1 sequences
Human BMP1 sequences were used to BLAST search the zebrafish EST database, identifying an 810 bp zebrafish EST clone (GenBank Accession No. CK146262) encoding a portion of the open reading frame of a putative zebrafish bmp1 gene. Nested primers were designed for 3 0 -RACE using sequences from the EST to obtain remaining bmp1 coding and 3 0 -UTR sequences. The primary reaction was with primer 5 0 -GGC AAATTCTGCGGCGCTGAGAAA-3 0 and adapter primer M13-F 5 0 -A AACGACGGCCAGTGAATTGTAAT-3 0 and the nested reaction with primer 5 0 -TGAACACCTTCGGCAGCTACAGCT-3 0 and adapter primer T7 5 0 -GACTCACTATAGGGCGAATTGGGT-3 0 . The template was a Uni-ZAP XR zebrafish heart cDNA library (Stratagene), and the product contained 800 bp of coding region and 827 bp of 3-UTR. 5 0 -RACE was performed using primers 5 0 -CGGGTCTGGAACACTCGTCCATTT-3 0 and the degenerate primer 5 0 -CARGCMATGMGNCACTGGGAG-3 0 which gave a 1.2 kb product from a gastrula stage embryo library (kind gift of Y. Grinblat, University of Wisconsin-Madison). The rest of the upstream coding region was amplified from the heart cDNA library using adapter primer T3 5 0 -GCCAAGCTCGAAA TTAACCCTCACT-3 0 and primer 5 0 -GCTTTCTTCTGTCGTTCTCTCA-3 0 . Sequences derived in the current study have been deposited with the EMBL/GenBank Data libraries under Accession No. DQ424857.
Gene mapping and RT-PCR
The zebrafish bmp1 gene was mapped with a T51 Goodfellow zebrafish/ hamster radiation hybrid panel (Research Genetics) by PCR amplification of sequences within the 3 0 -UTR using primers 5 0 -CATTCGTGGGC AAGATGTGGAT-3 0 (forward) and 5 0 -CC TCCTAGAGATTGATCAT TTCGT-3 0 (reverse), which amplified a 528 bp product. Data were submitted to the Zon instant RH mapper database that mapped the gene 70.8-98.3 cM (5635-5780 cR) from the top of linkage group 8.
RT-PCR was performed using gene specific primers 5 0 -TGGA CCTCTATTCCTGCTCCAGT-3 0 and 5 0 -GCTTTCTTCTGTCG TTCTC TCA-3 0 (bmp1); and 5 0 -GATGGGACTACCTTTACTCTGCA-3 0 and 5 0 -CCAGTGTCTCATTGCTTGCTT-3 0 (Tll1). One hundred embryos were collected at appropriate stages (64 cell stage to 48 h adults) and total RNA was isolated using Trizol Reagent (Invitrogen). cDNA was synthesized from 1 lg total RNA, using SuperScriptIII (Invitrogen). To ascertain morpholino specificity and maternal vs zygotic effects, for the splice site morpholino (see below), RT-PCR was performed using RNA extracted from 30 bmp1 SP-MO injected embryos.
Morpholino (MO) injections
Bmp1 MOs were obtained from GeneTools, LLC and the tll1 MO was purchased from Open Biosystems. Sequences of bmp1 and tll1 MOs targeted against cognate 5 0 -UTRs and start sites of translation were 5 0 -TCGC CGCGAGCTCCATGATTGGGC-3 0 (bmp1MO1), 5 0 -AGCTCCATGAT TGGGCGACTGGA-3 0 (bmp1 MO2), and 5 0 -GTAGTCCATCTGAGG TGTGAACGAG-3 0 (tll1). A bmp1 MO targeted to the exon 3 donor splice site (bmp1-SP MO) was 5 0 -TCAACGTGTGTGTATGTCTTACCGC-3 0 . MOs were suspended in DEPC-treated water at a concentration of 1 mM and injected with 0.1% phenol red tracer into 1-2 cell stage embryos. Injection volumes were 1 nl, resulting in injection of 4 ng MO per embryo.
In situ hybridizations were carried out as described previously (Pelegri and Maischein, 1998) . Probes used included chordin, and gata2 as described in Lyman-Gingerich et al., 2005 . Bmp1 probes were synthesized after linearization of the CS2+ plasmid containing a 3.7 kb bmp1 cDNA insert with BssHII or HindIII, followed by transcription with SP6 and T7 for sense and anti-sense strands, respectively, using the MAXIscript kit (Ambion) and digoxigenin labeled nucleotides (Roche).
RNA microinjections
Full-length bmp1 cDNA sequences, isolated as described above, were inserted between the BamH1 and XhoI sites of pCS2+. The human BMP1 construct for in vitro expression of RNA has previously been described (Scott et al., 1999) . Both plasmids were linearized with BssHII and synthetic capped mRNA was transcribed using the mMessage mMachine SP6 kit (Ambion). Capped mRNAs were injected into one cell stage embryos.
Protein biochemistry
To prepare recombinant zebrafish BMP1 protein, full-length cDNA, without native signal peptide sequences was cloned downstream of and in frame with signal peptide sequences of the extracellular matrix protein BM40/SPARC, to optimize secretion, in the expression vector pcDNA4/ TO-His (Invitrogen). The expression construct was transfected into 293 T-Rex cells using LipofectAmine (Invitrogen), followed by selection in zeocin/blasticidin. Serum-free conditioned medium was harvested from a clonal line of cells that expressed zebrafish BMP1 at high levels when induced with tetracycline, followed by purification of BMP1 using Ni-NTA resin (Qiagen). The in vitro assay for cleavage of recombinant murine Chordin was performed as previously described (Scott et al., 2000) .
